DNA-based immunization represents an attractive alternative approach to the current treatment of allergic diseases by specific immunotherapy with allergen extracts. In this study, we used a replication-deficient adenovirus vector (AdCMV), to examine the in vivo efficacy of preventive and therapeutic genetic immunization in a mouse model of type I allergy. Primary immunization with a recombinant adenovirus expressing the model antigen ␤-galactosidase (AdCMV-␤gal) induced a Th1 immune response (predominance of IgG2a antibodies, high frequency of IFN-␥ producing T cells) and large numbers of cytotoxic T lymphocytes. Prophylactic vaccination with AdCMV-␤gal abol-
Introduction
Type I allergy represents a major health problem in industrialized countries with almost 20% of the population suffering from clinical disorders, such as allergic bronchial asthma or allergic rhino-conjunctivitis. 1 It is well established that the crucial event in the pathogenesis of allergic diseases is the increased and sustained production of allergen-specific immunoglobulin E antibodies (IgE Ab), which are bound by high-affinity Fc⑀ receptors on mast cells and basophils. On cross-linking with allergen, they trigger the release of preformed molecules like histamine and of other proinflammatory mediators, which lead to the typical symptoms of type I hypersensitivities, including systemic reactions known as anaphylaxis. The only treatment of allergy that not only is antisymptomatic, but also affects the underlying processes of allergic diseases, is specific immunotherapy (SIT), ie the subcutaneous injection of gradually increasing doses of standardized allergen extracts into sensitized subjects, in order to achieve a state of tolerance to subsequent natural allergen exposure. Although SIT has been demonstrated to be effective in allergic reactions to some allergens like hymenoptera venom, house dust mite antigens and certain grass and tree pollens, [2] [3] [4] latex, food allergens) is limited due to their high potential to induce side-effects like severe anaphylactic reactions. 5, 6 The inconvenience of frequent dosing and the duration of therapy of several years are additional factors that restrict the use of SIT. With regard to safety and efficacy, research focuses on new approaches for the treatment of type I allergy.
DNA vaccination represents an attractive alternative to the current protein-based desensitization protocols. In different animal models, allergen genes have been transferred into the host using various routes, eg as 'naked' plasmid DNA by intramuscular or intradermal injection [7] [8] [9] [10] [11] [12] [13] [14] [15] or by ballistic transfection with the gene gun, 12, 16 as plasmid DNA-polymer complexes by oral delivery, 17 or by means of recombinant mycobacteria as gene vector. 18 Prophylactic DNA immunization lead to inhibition of IgE Ab production 7, 8, [12] [13] [14] [15] [16] and anaphylactic hypersensitivity, 13, 16 as well as decreased airway hyperresponsiveness. 8, 14 Induction of CD8 + T cells, as well as a shift towards a Th1 immune response contributed to this effect. 7, 8, 13, 14, 19, 20 However, successful curative allergen gene transfer for the suppression of already established IgE Ab immune responses was reported only by three groups, 7, 14, 15 rendering it likely to improve therapeutic DNA vaccination by gene transfer with more efficient vehicles.
Replication-defective adenovirus (Ad) vectors have become a popular tool for gene transfer into mammalian cells and gained widespread application in a variety of preclinical disease models 21 and clinical gene therapy trials. 22 In previous reports, 23, 24 it was shown in mice that the primary immune response after intraperitoneal administration of antigen-expressing Ad revealed two features that are known to play prominent roles in the control and counter-regulation of IgE Ab production: the induction of potent cell-mediated immunity in the form of CD8 + cytotoxic T lymphocytes (CTL) 25 and the activation of CD4 + T cells with Th1-polarized phenotype. 26 These characteristics lead us to speculate that recombinant Ad might represent an efficient vehicle for allergen gene transfer. We tested this notion in a mouse model of type I allergy where we took advantage of the fact that repeated immunization with low doses of protein antigen induces considerable IgE Ab formation 27 and thus resembles the main hallmark of type I allergy. In this setting, we evaluated the efficacy of preventive or therapeutic vaccination with replication-defective recombinant Ad expressing the model antigen ␤-galactosidase (␤gal) under the control of the CMV promoter (AdCMV-␤gal) to modulate the immune response following immunization with ␤gal-protein.
Results

Humoral immune response after primary immunization with AdCMV-␤gal or ␤gal-protein
To analyze the primary immune response after administration of ␤gal-expressing recombinant Ad, BALB/c mice were immunized by a single intraperitoneal injection of 5 × 10 8 p.f.u AdCMV-␤gal, a viral load, which was shown to be effectively immunogenic. 28, 29 After 35 days, production of specific antibodies was characterized by a predominance of immunoglobulins of the IgG2a isotype over the IgG1 subclass (Figure 1a) , indicating a Th1-orientated immune response. This notion was further confirmed by the finding that production of IgE Ab could not be demonstrated (Figure 1d ). After application of recombinant control Ad encoding 'enhanced green flu- orescent protein' EGFP (AdCMV-EGFP), no ␤gal-specific humoral immune response was detected (Figure 1b and  d) . In contrast, repeated intraperitoneal immunization of BALB/c mice with ␤gal-protein, adsorbed to the adjuvant aluminiumhydroxide (alum), elicited a strong Th2 immune response with considerably increased IgE Ab titers (Figure 1d ). The specific humoral immune response after three consecutive injections of ␤gal-protein was dominated by IgG1 Ab which were produced in more than 30-fold excess over IgG2a Ab (Figure 1c) , confirming the notion of a Th2-polarized immune response.
Prophylactic vaccination with AdCMV-␤gal abrogates the production of IgE Ab following subsequent immunization with ␤gal-protein
To investigate whether ␤gal-specific IgE Ab production is modulated by preventive treatment with recombinant Ad, BALB/c mice were immunized with AdCMV-␤gal or with the irrelevant vector AdCMV-EGFP. Six weeks later each group was divided and IgE Ab production was induced in one half, as well as in untreated control mice by immunization with ␤gal-protein in alum, while the other half received PBS in alum (Figure 2a ). Prophylactic vaccination with AdCMV-␤gal abrogated specific IgE Ab production induced by subsequent immunization with ␤gal-protein (Figure 3 ). The amount of IgE Ab in the sera of these mice on day 52 of the immunization period was reduced to less than 1% in comparison with the IgE Ab content in immune sera from mice that had not been vaccinated with recombinant Ad (P Ͻ 0.05). The inhibition was antigen-specific, since application of the control vector AdCMV-EGFP before immunization with ␤gal-protein in fact enhanced IgE Ab secretion (P Ͻ 0.05). The almost complete absence of specific IgE Ab producing plasma cells in animals vaccinated with AdCMV-␤gal was confirmed at the cellular level by enumeration of antibody secreting cells among splenocytes ex vivo with an antigen-specific ELISPOT assay ( Table 1 Gene Therapy considerably stimulated in mice that had received an initial vaccination with AdCMV-␤gal (Figure 4a and b; P Ͻ 0.05). At later time-points of the immunization period, the amount of IgG1 Ab in sera of these mice was significantly reduced while the content of IgG2a Ab was strongly enhanced as compared with sera of control mice that had not received preventive vaccination or had been immunized with the irrelevant vector AdCMV-EGFP (P Ͻ 0.05). As a consequence, the ratio of ␤gal-specific IgG1 versus IgG2a in AdCMV-␤gal-vaccinated mice was strongly decreased compared with control mice: IgG1 and IgG2a Ab titers in immune sera of AdCMV-␤gal vaccinated mice were almost equal, while in sera of control animals a preponderance of IgG1 Ab was found ( Figure  4c ). This observation was verified on the cellular basis by data obtained by enumeration of IgG1 and IgG2a Ab secreting B cells. In control mice without prevaccination or vaccinated with AdCMV-EGFP the number of IgG1 Ab producing plasma cells exceeded the number of IgG2a Ab forming plasma cells by a factor of 26 and 12, respectively, while in the experimental group of mice that had been vaccinated with AdCMV-␤gal IgG1 and IgG2a Ab secreting B cells were detected in nearly the same frequency (Table 1) . Thus the development of a Th2-biased antibody isotype profile as the result of immunization with ␤gal-protein in alum was prevented by protective application of AdCMV-␤gal. Instead a humoral response with Th1-like phenotype was induced.
In accordance with these data the profile of cytokines produced by splenocytes after in vitro restimulation with ␤gal-protein, reflecting activation of MHC class II-restricted CD4
+ T cells, indicated a more Th1-orientated immune response in the experimental group of prevaccinated mice: the frequency of IL-4-producing T cells was markedly reduced to 32% of the level in control mice that had not received an immunization with recombinant adenovirus (P Ͻ 0.05) and which showed a clear-cut Th2 cytokine pattern, characterized by a preponderance of IL-4-secreting T cells ( Figure 5 ) and documented by a ratio of IL-4 versus IFN-␥ producing T cells of 8.9. Moreover, the release of the Th2 cytokines IL-5 and IL-10 into culture supernatants after in vitro stimulation of spleen cells with ␤gal for 3 days was significantly decreased to 20% and 50%, respectively, in cultures of splenocytes from AdCMV-␤gal-vaccinated mice versus nonvaccinated mice (data not shown). In contrast, the expansion of IFN-␥ producing T cells was slightly enhanced (P = 0.21), so that in consequence the ratio of IL-4 versus IFN-␥ producing T cells was decreased to 1.7 for mice prevaccinated with AdCMV-␤gal. However, the frequency of IFN-␥ producing T cells was increased to a lower extent than was observed with spleen cell cultures of mice solely immunized with ␤gal-encoding recombinant Ad ( Figure 5 ; P Ͻ 0.05). The cytokine profile in the latter group was characterized by a 10-fold predominance of IFN-␥ over IL-4 producing T cells (ratio IL-4 versus IFN-␥: 0.1), supporting the notion of a Th1-biased immune response which had already been postulated on the basis of the IgG2a dominated antibody isotype pattern.
The numbers of ␤gal-specific CD8 + effector T cells in mice of the different experimental groups were determined ex vivo using a modified ELISPOT assay, in which spleen cells or isolated CD8
+ T cells were stimulated by a H-2L d -restricted nonapeptide of ␤gal to produce IFN-␥. The low frequency of specific class I-restricted T cells in unvaccinated control mice after immunization with ␤gal-protein was increased by a factor of 9.3 (for spleen cells) to 8.9 (for CD8 + T cells) in mice that had received a prophylactic vaccination with AdCMV-␤gal ( Table 2 ; P Ͻ 0.05). The induction of IFN-␥ producing CD8
+ effector T cells in mice initially vaccinated with AdCMV-␤gal was in a comparable range, irrespective of subsequent immunization with ␤gal-protein ( Table 2) .
Therapeutic vaccination with AdCMV-␤gal does not suppress established IgE Ab immune responses induced by priming with ␤gal-protein
To investigate whether already established IgE Ab responses are affected by gene transfer via recombinant Ad, production of ␤gal-specific IgE in BALB/c mice was at first induced by three consecutive immunizations with protein in alum (Figure 2b ). Subsequently, animals were injected either with ␤gal in PBS for exogenous antigen delivery, with AdCMV-␤gal to induce endogenous production of ␤gal or with AdCMV-EGFP as control vector. Thereafter the content of specific antibodies in the immune sera was measured for a period of 67 days.
Inhibition of manifest IgE Ab production was not achieved by curative application of AdCMV-␤gal. After an initial rise in IgE Ab formation immediately after gene transfer, titers of IgE Ab decreased over the immunization period to the same extent as in nonvaccinated animals or mice vaccinated with the control vector AdCMV- 
Results were obtained 62 days after beginning of immunization with ␤gal-protein.
a Data are presented as mean of triplicates ± s.e.m. * Indicates significant differences (P Ͻ 0.05) between ␤gal-immunized control mice and mice prevaccinated with recombinant adenovirus. ND, not determined.
EGFP (Figure 6a) . Likewise, the distribution of IgG isotypes in the immune sera did not change significantly for 67 days: all three experimental groups showed a marked Th2 determined pattern, as shown by the predominant production of IgG1 (Figure 6b ). The cytokine profile of splenocytes stimulated with ␤gal-protein in vitro, reflecting activation of MHC class II-restricted CD4 + T cells, also revealed no fundamental differences between control animals and mice vaccinated with AdCMV-␤gal. The predominant expansion of IL-4 producing cells again indicated a Th2-biased immune response in all groups (Table 3) . However, one major characteristic in mice vaccinated with AdCMV-␤gal was noted: frequencies of IFN-␥ producing CD8
+ effector T cells, activated following incubation with the MHC class I-restricted ␤gal-derived peptide, were considerably raised by a factor of 28 as compared with mice which had not been vaccinated with recombinant Ad (Table 3 ; P Ͻ 0.05).
Discussion
In this report we show that vaccination of mice with replication-defective, recombinant AdCMV-␤gal prevents the development of specific IgE responses following subsequent immunization with ␤gal-protein in alum, shifting the immune response from a Th2 to a Th1-like phenotype and generating large numbers of IFN-␥ producing CD8 + Gene Therapy effector T cells. Our finding that the primary immune response after a single administration of AdCMV-␤gal was associated with the induction of Th1 lymphocytes confirms data previously obtained following infection of mice with ␤gal-expressing Ad 24, 30 or other viral gene vectors like herpes simplex virus. 31 The Th1 bias was evident from the specific humoral immune response, which was characterized by the predominance of antibodies of the IgG2a isotype over the IgG1 subclass and a lack of IgE Ab production. On the other hand, analysis of the cytokine profile following activation of CD4 + T cells by in vitro culture with ␤gal-protein revealed a majority of IFN-␥ producing T cells among spleen cells from AdCMV-␤gal immunized mice. In addition, induction of large numbers of IFN-␥ producing CD8 + effector T cells was observed. The question of whether effective priming of naive CD8 + T cells with specificity for the encoded protein requires the direct transfection of professional antigen presenting cells (APC) by recombinant Ad and thus the expression of endogenous antigens by APC represents a subject of controversial discussion. 32 Crosspriming by APC, ie the MHC class I-restricted presentation of peptides, derived from exogenously uptaken antigens, 33, 34 is an alternative mechanism to explain the induction of CD8 + T cells. However, Ad-mediated transfection ex vivo of dendritic cells (DC), which are the critical APC for the initiation of cellular immune responses, 
u. recombinant adenovirus AdCMV-␤Gal () or AdCMV-EGFP (̆) (for details see Figure 2b). On various days after secondary immunization as indicated sera were recovered and ␤gal-specific IgE, IgG1 and IgG2a Ab titers were measured by ELISA. (a) Mean IgE Ab titers (n = 4) are given as percentage of the mean Ab titer on day 0. (b) The ratio of ␤gal-specific IgG1 versus IgG2a is presented as the quotient of IgG1 Ab and IgG2a Ab titers determined by linear regression analysis in a parallel ELISA.
Table 3
Pattern of cytokine production and induction of IFN-␥ producing CD8 + effector T cells in mice of different experimental groups has been reported to be an effective method for the generation of protective antitumor T cell immunity. [35] [36] [37] In our mouse model of type I allergy repeated immunization with ␤gal-protein adsorbed to alum lead to the induction of a strong Th2 immune response, characterized by high IgG1 and IgE Ab titers in the immune sera and high numbers of IL-4 producing T cells. Preventive vaccination of mice with AdCMV-␤gal inhibited production of IgE Ab very efficiently (>99%) and long-lasting (more than 3 months). In parallel, IgG1 Ab titers were reduced as well, whereas IgG2a Ab production was strongly enhanced, so that the quotient of specific IgG1 versus IgG2a was decreased considerably as compared with control mice. These findings suggest that in prevaccinated animals allergen-specific immune deviation from a Th2-to a Th1-orientated immune response had occurred. This conclusion was supported by analysis of cytokine production following activation of CD4 + T cells by in vitro culture with ␤gal-protein. The frequency of spleen cells that secreted IL-4 after stimulation with ␤gal was dramatically reduced by protective immunization with Ad vector, whereas IFN-␥ producing T cells had expanded. Since IL-4 is known as the promoter of IgE isotype switch, whereas in contrast IFN-␥ acts as an antagonist, 38, 39 it is tempting to speculate that the shift in the balance of T cell subsets away from Th2-type (producing particularly IL-4) in favor of a Th1-type T lymphocyte response (with preferential production of IFN-␥) contributed to the inhibition of IgE Ab production observed in the vaccinated mice. Alternatively suppression of IgE Ab might be mediated by the observed induction of IFN-␥ secreting CD8
+ effector T cells in AdCMV-␤gal immunized mice, since it was previously demonstrated that CD8
+ CTL might possess inibitory capacity for IgE Ab production. 25 Our data do not resolve which of either explanation is more likely or whether both subpopulations of lymphocytes acted in a co-ordinated way. However, since the suppressive effect could be transferred with whole spleen cells from AdCMV-␤gal immunized mice to naive recipients (data not shown), transfer experiments with isolated CD4 + and CD8 + T cells will probably solve this question.
Stämpfli et al 40 reported that intramuscular administration of replication-deficient Ad without transgene encoding sequence before intraperitoneal sensitization and subsequent aerosol challenge with ovalbumin (OVA) resulted in a reduction of local eosinophilic inflammation in the lung, which was accompanied by a shift from OVA-specific IL-4 production by spleen cells of sensit-ized, PBS-treated mice to specific IFN-␥ production by splenocytes of sensitized, Ad-infected mice. In our model of type I allergy, we did not observe similar changes in the lymphokine profile as the result of immunization with irrelevant Ad. Mice, prevaccinated with recombinant Ad expressing the antigen EGFP, exhibited the same IL-4 dominated cytokine pattern after immunization with ␤gal-protein as did untreated control mice. This discrepancy may be explained by the fact that in the allergic airway inflammation model the sensitization phase took place as early as 16 h after infection with Ad. At this early time, the acute anti-adenoviral immune response was in full progress, generating IFN-␥ secreting effector cells which created a local cytokine microenvironment which favored the development of OVA-specific Th1 cells at the site of allergen exposure as a bystander effect. On the contrary, immunization with ␤gal-protein in our system started 42 days after Ad infection, when the inflammatory, anti-adenoviral reaction had declined, so that any unspecific effects on the ␤gal-induced immune response could be ruled out. Our finding of high IgE Ab levels in the sera of the sensitized mice, irrespective of previous immunization with irrelevant Ad, is in accordance with the study of Stämpfli et al. 40 Suppression of an ongoing IgE Ab response represents a major challenge. Successful inhibition seems to depend on the immunization protocol used for priming mice. Suzuki et al 41 demonstrated that intranasal instillation of Ad after two sensitizing intraperitoneal injections with OVA lead to decreased IgE Ab production. In contrast, after subsequent aerosol challenge the IgE Ab titers were not significantly different from those of untreated control mice, although profound effects on eosinophil infiltration in the airways and local cytokine production were observed. By preventive DNA immunization with naked plasmid DNA IgE Ab production was inhibited in a number of studies, 7, 8, [12] [13] [14] [15] [16] whereas effective therapeutic treatment of pre-existing IgE Ab responses with plasmid DNA was achieved by three groups only. 7, 14, 15 The reason for successful inhibition of pre-existing IgE responses may have been that Raz et al 7 used a relatively weak immunization protocol for priming, while Maecker et al 14 vaccinated with an allergen-IL-18 fusion DNA construct to enhance the efficiency of vaccination. Jilek et al, 15 on the other hand, showed significant reduction of specific IgE production in sensitized mice with plasmid vectors lacking any transgene encoding sequence. Likewise, in a related approach to modulate IgE-mediated allergic reactions, namely the vaccination with mixtures or conjugates of immunostimulatory CpG oligodeoxynucleotides and allergen, attempts to down-regulate IgE Ab production lead to contrasting results. 17, [42] [43] [44] [45] For our model of type I allergy we chose an immunization protocol with three repeated injections of ␤gal-protein in alum which induced strong and sustained IgE Ab secretion and thus resembled closely the clinical situation in allergic patients. We were not successful in manipulating the Th2 immune response by a single therapeutic administration of recombinant Ad, neither in terms of inhibition of IgE Ab production nor in skewing the cytokine release profile to a Th1 phenotype. The only significant difference between the experimental group of animals treated with AdCMV-␤gal and the two control groups was the induction of considerable numbers of ␤gal-specific IFN-␥ proGene Therapy
ducing CD8
+ effector T cells, but interestingly these cells had no inhibitory capacity for production of IgE Ab.
The insufficient efficacy of AdCMV-␤gal to inhibit ongoing IgE Ab production might be explained by only transient expression of the encoded antigen which is due to the fact that Ad vectors are highly immunogenic. The elicitation of MHC class I-restricted CD8 + CTL responses causes the destruction of the virus-infected cells and therefore leads to the rapid loss of transgene expression. 46, 47 An additional immunologic limitation is the development of Ad-specific neutralizing antibodies following primary infection, which hinder repeated administration of the vector. 48, 49 Consequently the transgene-specific immune reaction after a single therapeutic vaccination with AdCMV-␤gal is probably not potent enough to convert the manifest Th2 immune response, induced by three consecutive immunizations with ␤gal-protein, and to suppress IgE Ab production. The use of Ad vectors with different serotypes 50 or modified Ad with reduced expression of viral genes 51 might help to circumvent the problems arising from the host-immune response against Ad and Ad-infected cells, respectively, and therefore might increase the efficiency of successful gene transfer. An alternative approach, although laborintensive and expensive, to Ad-mediated transfection in vivo is transduction of DC in vitro with ␤gal-encoding recombinant Ad and the subsequent administration of modified DC into the host, 52 as has been successfully employed in a melanoma animal model with DC transduced by recombinant Ad expressing a clinically relevant tumor antigen.
37,53
Materials and methods
Mice and immunization protocol for induction of IgE Ab production
Six-to 8-week-old female BALB/c mice, bred in the animal facilities in Mainz, were immunized at intervals of 2 weeks by intraperitoneal injection of 1 g recombinant ␤gal (Sigma-Aldrich, Deisenhofen, Germany), dissolved in 100 l PBS and adsorbed to an equal volume of Imject Alum (Pierce, Rockford, IL, USA) as adjuvant, according to the manufacturer's instructions. At various times of the immunization period, mice were bled from the retroorbital plexus and sera were analyzed for ␤gal-specific antibodies. At the end of the experiment, mice were killed by cervical dislocation, spleens were removed and single cell suspensions were prepared by teasing the tissue apart. Erythrocytes were lysed by incubating the cells for 1 min in lysis buffer (155 mm NH 4 Cl, 10 mm KHCO 3 , 100 m EDTA-disodium, pH 7.4). After extensive washing splenocytes were passed through a 100-m cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ, USA) to remove cell debris and were subsequently analyzed for cytokine production.
Recombinant adenoviruses and vaccination protocols
Recombinant adenovirus encoding E. coli ␤gal (AdCMV␤gal) was kindly provided by Dr A Gambotto (University of Pittsburgh, PA, USA) and propagated on 293 cells. Recombinant adenovirus expressing EGFP (AdCMV-EGFP) was constructed through Cre-lox recombination 54 and propagated on 293 cells. Adenoviruses were purified by cesium chloride gradient centrifugation and subsequent dialysis according to standard protocols. 55 Gene Therapy ELISA for determination of ␤gal-specific antibodies in serum ␤Gal-specific antibodies of different isotypes (IgG1, IgG2a, IgE) were measured using an antigen capture ELISA as reported 56 with modifications. All reagents except the blocking buffer were used in volumes of 100 l/well. The incubation time for all reagents was 1 h at room temperature unless indicated otherwise. After each incubation step, wells were washed three times with PBS (pH 7.2) containing 0.1% Tween 20 (Sigma-Aldrich). MaxiSorp ELISA plates (Nunc, Wiesbaden, Germany) were incubated overnight at 4°C with recombinant ␤gal (5 g/ml) in coating buffer (0.1 m NaHCO 3 , pH 8.2). After coating, 200 l PBS containing 1% BSA (PBS-B) (Sigma-Aldrich) were added to each well to block residual protein binding sites. In the next step, serial dilutions of serum samples in PBS-B were added. Subsequently, ␤gal-specific IgG1 and IgG2a were detected by incubating the plates with biotinylated goat anti-mouse IgG1 and goat anti-mouse IgG2a, respectively (0.1 g/ml in PBS-B; Southern Biotechnology, Birmingham, AL, USA). ␤Gal-specific IgE Ab were detected using purified rat anti-mouse IgE mAb EM95.3 57 (1:1000 in PBS-B), followed by biotinylated polyclonal mouse anti-rat IgG (1 g/ml in PBS-B; Dianova, Hamburg, Germany). Biotinylated antibodies were detected using ExtrAvidin-peroxidase conjugate (1:1000 in PBS-B; Sigma-Aldrich) followed by addition of o-phenylenediamine (1 mg/ml; SigmaAldrich) and 30% H 2 O 2 (1 l/ml; Merck, Darmstadt, Germany) in substrate buffer (0.2 m NaH 2 PO 4 , 0.1 m sodium citrate, pH 5.0). The reaction was stopped by addition of 1 m H 2 SO 4 . The absorption was measured in a microplate reader E max (MWG-Biotech, Ebersberg, Germany) at 490 nm.
Two controls were included for each serum sample: the blank control, to which no serum was added, was substracted from every absorbance value, and the serum control, in which serum was incubated in wells that had not been coated with the antigen, to detect and evaluate unspecific binding activity. The antibody titer was defined as the reciprocal serum dilution, yielding an absorbance value of OD = 0.2 after linear regression analysis. Serum samples were normalized using a standard reference serum, obtained and pooled from mice immunized five times with ␤gal in alum. The antibody titer of the standard serum was defined as 1 U/ml. The ratio of specific IgG1 versus IgG2a was expressed as the quotient of IgG1 and IgG2a antibody titers determined in a parallel ELISA.
ELISPOT assay for enumeration of Ig producing B cells
The frequency of specific Ig producing B cells among spleen cells was determined ex vivo by ELISPOT assay with slight modifications as described. 27 All reagents except the blocking buffer and the substrate solution were used in volumes of 100 l/well. After each incubation step, wells were washed three times with PBS (pH 7.2) containing 0.1% Tween 20 (Sigma-Aldrich). Nylon filter (Biodyne B membrane)-bottomed 96-well Silent Screen plates (Nunc) were incubated overnight at 4°C with ␤gal (20 g/ml in coating buffer). Then the filters were blocked with 200 l of 10% (w/v) non-fat dry milk in Tris-buffered saline (20 mm Tris, 137 mm NaCl, 1 m HCl, pH 7.6). Appropriate numbers of freshly isolated spleen cells, suspended in culture medium (IMDM supplemented with 10% fetal calf serum (PAN Biotech, Aidenbach, Germany), 50 m 2-mercaptoethanol (Carl Roth, Karlsruhe, Germany), 2 mm l-glutamine (Carl Roth), 100 g/ml penicillin and 100 IU/ml streptomycin (Life Technologies, Karlsruhe, Germany)), were added, serially diluted and incubated for 4 h at 37°C in a humidified 10% CO 2 incubator. As in the ELISA protocol, wells were overlaid with rat anti-mouse IgE mAb EM95.3 and biotinylated mouse anti-rat IgG for the determination of IgE-producing cells, or with biotinylated goat anti-mouse IgG1 and IgG2a, respectively, for the detection of antibody producing cells of the respective IgG subclass, followed by an incubation step with ExtrAvidin-peroxidase conjugate. The incubation time for all reagents was 1 h at 37°C. The substrate 3-amino-9-ethylcarbazole (AEC; Sigma-Aldrich) was prepared by dissolving one tablet in 2.5 ml dimethylformamide and subsequently adding 50 ml 0.1 m sodium acetate buffer (pH 5.0). To remove aggregates, the solution was filtered through a 0.2-m membrane (Schleicher and Schuell, Dassel, Germany). Before use, 30% H 2 O 2 (0.5 l/ml) was added, and 50 l of substrate solution was placed into the wells. After 1 to 5 min at room temperature, macroscopic red spots became visible. The substrate solution was removed by flicking the plates, and membranes were rinsed with water. After drying, the spots were counted under a stereomicroscope (Olympus, Hamburg, Germany) using 10-to 20-fold magnification.
ELISPOT assay for enumeration of IFN-␥ producing CD8
+ effector T cells The frequency of CD8 + effector T cells among spleen cells recognizing the H-2L d -binding ␤gal-derived nonamer peptide TPHPARIGL (␤gal 876-884 ) 58 was determined by a modified ELISPOT assay measuring secretion of IFN-␥. 59 Briefly, 96-well MultiScreen microtiter plates (Millipore, Bedford, MA, USA) were coated overnight at 4°C with anti-IFN-␥ mAb (clone R4-6A2; 10 g/ml in PBS; PharMingen, San Diego, CA, USA) and then blocked for 1 h at 37°C with culture medium. Subsequently, 10 6 freshly isolated spleen cells or co-cultures of 10 5 CD8 + T cells, purified by magnetic separation with the MiniMACS system 60 (Miltenyi Biotec, Bergisch-Gladbach, Germany), and 10 6 irradiated spleen cells from naive BALB/c mice as APC, were incubated in culture medium, containing 1 g/ml ␤gal 876-884 peptide and 250 U/ml recombinant IL-2 (Cetus, Emeryville, CA, USA), for 22 h at 37°C in a humidified 10% CO 2 incubator. Then wells were overlaid with biotinylated anti-IFN-␥ mAb (clone XMG1.2; 10 g/ml in PBS-B; PharMingen) and thereafter ExtrAvidinperoxidase conjugate (1:1000 in PBS-B) was added. The incubation time for all reagents was 1 h at 37°C. The ELI-SPOT assay was developed by addition of the substrate AEC as described above. The number of specific CD8 + effector T cells was calculated as the difference of the number of spots in cultures incubated with and without the ␤gal-derived peptide, respectively.
ELISPOT assay for enumeration of cytokine producing cells
Freshly isolated spleen cells (5 × 10 6 /well) were cultured on 24-well tissue culture plates (Corning Costar, Bodenheim, Germany) in a volume of 1 ml culture medium with or without recombinant ␤gal (25 g/ml) for 72 h at 37°C in a humidified 10% CO 2 incubator. Then cells were resuspended and appropriate aliquots of suspensions were transferred on to 96-well MultiScreen microtiter plates (Millipore), which had been coated overnight at 4°C with anti-IFN-␥ mAb (see above) or anti-IL-4 mAb (clone 11B11; 10 g/ml in PBS; PharMingen) and subsequently had been blocked for 1 h with culture medium. Splenocytes were cultured for another 24 h at 37°C. Afterwards wells were overlaid with biotinylated anti-IFN-␥ mAb (see above) and biotinylated anti-IL-4 mAb (clone BVD6-24G2; 10 g/ml in PBS-B; PharMingen), respectively. Biotinylated antibodies were detected by incubating the plates with ExtrAvidin-peroxidase conjugate (1:1000 in PBS-B). The incubation time for all reagents was 1 h at 37°C. ELISPOT assay was developed by addition of the substrate AEC as described above. The ELISPOT data were used to calculate the stimulation index, which was defined as the quotient of the number of cytokine producing cells in spleen cell cultures restimulated with ␤gal versus unstimulated cultures.
Statistical analysis of data
Statistical evaluation of the experimental data was performed by Student's t test using SigmaPlot software. A value of P Ͻ 0.05 was considered statistically significant.
